The purpose of the present study is to examine resistance rule and sediment transport characteristics of hyper-concentrated flows in tributaries of the middle Yellow River. The Kuye, Dali, Tuwei and Jialu Rivers are selected as the study area. Laboratory experiments of hyper-concentrated flows are made in an open channel, using silt and sand as flowing material. Field data of flow and sediment discharge of the rivers are obtained. The sediment-water mixture flow model proposed by Hashimoto and Hirano is found to be valid for the hyperconcentrated flows in the Kuye River and laboratory experiments with fine sand.
Introduction
The Yellow River basin has serious problems of flood and irrigation due to hyper-concentrated flows from the tributaries of the middle river reach (Wan and Wang [5] ). In order to solve these problems, it is important to estimate flow resistance and sediment transport in the hyper-concentrated flows. There are some works on these subjects (e.g. Wan and Wang [5] and Mantz [6] ). However, the less model can explain satisfactorily flow resistance and sediment transport. The purpose of the present study is to find a flow model for flow resistance and sediment transport characteristics in the hyper-concentrated flows. The Kuye, Dali, Tuwei and Jialu River are selected as the study area (Fig. 1) . We visited the Kuye and Dali River in 2002. First we investigate characteristics of bed sediments in these rivers. Second, we make laboratory experiments of hyperconcentrated flows in an open channel, using silt and sand as flowing material. Main tributaries of the middle Yellow River.
Third, we obtain field data of flow and sediment discharge in the rivers (Yellow River Conservancy Commission [1] ). Using the sediment-water mixture flow model proposed by Hashimoto and Hirano [2, 3] , we explain the hyperconcentrated flow behaviour in an experimental flume and the tributaries of the middle Yellow River.
Characteristics of river bed sediments
We visited the Kuye and Dali River on August 14 to 20, 2002 and took the river bed and bank sediments. The Kuye and Dali River basins are significant erosion areas in the middle reaches of the Yellow River (Li [7] ).
The Kuye River is 242 km long with basin area of 8,706 km 2 and bed slope of 1/510 to 1/290. The Dali River, on the other hand, is 170 km long with basin area of 3,906 km 2 and bed slope of 1/270 to 1/80. Figs. 2 (a) and (b) show the grain size distribution of bed and bank sediments in the Kuye and Dali River, respectively. K-1, 2, 3 and 4 in fig. 2(a) indicate the positions of the sediments in the Kuye River and D-1, 2, 3 and 4 in fig. 2(b) indicate the positions of the sediments in the Dali River. It is found that K-1 is silt, K-2 coarse sand, K-3 fine sand and K-4 very fine sand, and D-1, 2 and 3 are silt and D-4 very fine sand. Since K-1 and D-4 denote bank sediments, bed sediments of Kuye and Dali River are sand and silt, respectively.
Experiments of hyper-concentrated flows
Bed sediments are sand in the Kuye River and silt in the Dali River. Using silt and sand as flowing material, we make experiments of hyper-concentrated flows in an open channel to investigate flow resistance and sediment transport characteristics. Grain size distribution of river bed and bank sediments.
Experimental method
An experimental flume used is 15 cm wide and 7 m long with a fixed bed of plywood, as shown in fig. 3 . The bed slope is set at the angle of 3 degrees. A tank with diameter of 136 cm and depth of 80 cm is placed at the downstream end of the flume. We agitate a mixture of sediment and water in the tank and then transport it through the acrylic pipe to the upstream end by a pump. As a result, the mixture circulates through the flume, tank and pipe. Fine sand, very fine sand and silt are used as flowing material. We make two kinds of experiments; one is for measurement of velocity profiles, and the other for friction coefficient and sediment discharge. Table 1 shows the experimental conditions. Here, d = average grain diameter; σ/ρ = specific gravity of sediment grains; C 0 = initial sediment concentration in the tank; C T = sediment concentration in mixture flow; q t = flow discharge per unit width; h = flow depth and v = average flow velocity. In the former experiments, velocity profiles are measured with a pitot tube. In the latter experiments, flow and sediment discharge are measured by catching sediment-water mixture flow at the downstream end of the flume. Flow depth is also measured with a point gage. From these measurements, we estimate friction coefficients and nondimensional sediment discharge.
Figure 3:
Experimental flume. 
Experimental results

Velocity profile and friction coefficient
Figs. 4 (a) and (b) show velocity profiles measured in the laboratory experiments with fine sand and silt, respectively. Here, that in the experiments with very fine sand is omitted. These figures also contain velocity profiles of clear-water flow. It is found that flow velocity decreases with sediment concentration in the experiments with fine sand ( fig. 4 (a) ). In the experiments with very fine sand, flow velocity increases with sediment concentration. Especially at C T = 0.401, very fast flow occurs. In the experiments with silt ( fig. 4 (b) ), flow velocity increases with sediment concentration. At C T = 0.369, however, rapid decrease in flow velocity and increase in flow depth occurs; the velocity profile is like that of Bingham-fluid flow. Fig. 6 shows non-dimensional sediment discharge measured in the laboratory experiments and the Kuye River. Here, every line indicates calculation of the sediment discharge formula (Hashimoto et al. [8, 9] ) described in Chapter 4. It is found that there is a big difference between non-dimensional sediment discharge of laboratory and field data; it is of order 10 2 -10 3 in the laboratory experiments and 10 4 -10 7 in the Kuye River. The laboratory experiments have hydraulic conditions such that 110 <h/d < 150, w 0 /u * = 0.2 and 3 <τ * < 5, but the Kuye River has the conditions such that 3000 < h/d < 80000, 0.01 < w 0 /u * < 0.1 and 4 < τ * < 100.
Sediment discharge
Review of previous works on sediment-water mixture flow
Hashimoto and Hirano [2, 3] and Hashimoto [4] derived a non-dimensional parameter in the discussion of flow behaviour of sediment-water mixtures. On the basis of the non-dimensional parameter, they introduced a two-layer model for the mixture flow; the lower layer is called 'granular sublayer' and the upper one 'inertial sublayer'. Using this model, they explained various flow behaviour of sediment-water mixtures. This chapter describes the review of their previous works.
Velocity profile and friction coefficient
Selecting elevation z from the bed as length scale in the non-dimensional parameter yields non-dimensional elevation:
where d = diameter of sediment grains; σ = density of sediment grains; F(C T ) = a function of sediment concentration and ρ t = σ C T + ρ(1− C T ).
Using the non-dimensional elevation and the mixing-length theory, Hashimoto and Hirano [2, 3] 
Sediment discharge
On the basis of the two-layer model, Hashimoto et al. [8, 9] derived sediment discharge formula for various types of sediment transport: 
Comparison between measurements and theory
We obtain the data of flow and sediment discharge at the hydrological measurement stations of the Kuye, Tuwei and Jialu River (Yellow River Conservancy Commission [1] ). This chapter describes a comparison of the laboratory and field measurements with the theory of the sediment-water mixture flow model.
Velocity profile and friction coefficient
A comparison between the laboratory measurements and theoretical calculations of velocity profiles shows their good agreement in the mixture flow with fine sand and disagreement in the other mixture flow. Relationship between friction coefficients f and non-dimensional flow depth N h . Fig. 7 shows the relationship between friction coefficients f and nondimensional flow depth N h . The solid curve indicates the theoretical calculations of eqns. (4) and (5) . The measurements in the Kuye River and the laboratory experiments with fine sand agree with the theoretical curve. However, the measurements in the Tuwei and Jialu River and the laboratory experiments with very fine sand and silt disagree with the theoretical curve.
Therefore, the mixture flow model (Hashimoto and Hirano [2, 3] and Hashimoto [4] ) is found valid for flow resistance of the Kuye River and the finesand-water mixture. However, the model is also found inappropriate for the other mixture flow and the Tuwei and Jialu River. A different model is necessary for the Tuwei and Jialu River. Fig. 6 shows a comparison between the measurements in the laboratory experiments with fine sand and the Kuye River and the theoretical calculations of non-dimensional sediment discharge. From fig. 6 we can find good agreement between the measurements and the theory, although there is a big difference between the hydraulic conditions of the Kuye River and the laboratory experiments. Sediment transport in the Kuye River and laboratory experiments with fine sand can be explained satisfactorily by the mixture flow model of Hashimoto and Hirano [2, 3] and Hashimoto [4] . However, the model is inappropriate for the mixture flow with very fine sand and silt. It is also inappropriate for the Tuwei and Jialu River.
Sediment discharge
Conclusions
The results obtained in this study are as follows: (1) Bed sediments are sand in the Kuye River and silt in the Dali River. [2, 3] and Hashimoto [4] . However, the model is inappropriate for the Tuwei and Jialu River and the laboratory experiments with very fine sand and silt. Thus, a different model is necessary for the Tuwei and Jialu River.
